Rotationally symmetric resonators capable of omnidirectional emission in the direction perpendicular to the axis of symmetryhave been the subject of recent studies 1-7 .
These cylindrically symmetric sources rely on the excitation of whispering-gallery modes( Fig. 1, bottom) , confined near the cavity boundary by total internal reflection.
Lightescapes these resonators only through diffraction losses or scattering from surface roughness,thus limiting control over the output coupling. Here we report on a cylindrical photonic bandgap (PBG)fibrecavitywhich supports purely radial modes ( Fig. 1, top) .In principle, this structure allows full control over output coupling and the potential for reduction in volume without compromising the quality factor. Additionally, the shorter hal-00666119, version 1 -3 Feb 2012 3 cavity length of these radial modes could allow for a larger free spectral range and consequently higher finesse as compared to whispering-gallery modes.Importantly, the radially directed emission from the extended cylindrical surface of this fibre laser is in contrast to the axial emission characteristic of conventional Bragg fibre lasers 9,10 and planar annular Bragg resonators [11] [12] [13] [14] .
The fibre fabrication method is based on the thermal drawing of a macroscopic preform (Fig. 2a) assembled with all the solid materials and geometryof the resulting fibre (see Methods section for details). 15 The preform consists of a hollow annular multilayered cavity comprised of a 35-layerstructure of chalcogenide glass (As 25 S 75 ) and polycarbonate (PC). 16 Further out in the PC cladding are several pairs of conductive carbon-loaded polyethylene (CPE) electrodes which flank hollow channels.The composite structure is drawn under a high stress regime (~400 g/mm 2 ) yielding an axially invariant, rotationally symmetric, photonic bandgapfibrecavitywith a transmission bandgap centered near550 nm and a bilayer periodicity of 160 nm (Fig. 2b , top-right).
The fibrecore is surrounded by four electrically addressablemicrofluidic channels embedded in the fibre cladding (Fig. 2b, bottom) .The challenge in drawing such a structure which is reduced in size by a factor of 100 lies in maintaining the integrity and symmetry of the multilayers down to the final scale while preventing the deformation of the hollow channels and electrodes.
Recent studies have demonstratedoptofluidicfibre devices with dynamically tunable properties 17, 18 . In this work, amicrofluidic pump (shown in Fig. 3a and described in Methods section) is utilized to transport organic dye-doped water plugs inside the fibre core. The internal surface of the fibre core is hydrophopic and notwet by the hal-00666119, version 1 -3 Feb 2012
aqueousplug, which remains intactduring rapid movement at velocities of 35mm/s (Fig.   3b ). The pressure field is mediated through atransparent and immiscible fluid (e.g., silicone oil),allowingreversible transport of the lasing plug to any position within the fibre (Fig. 3b,c) .
The laser wavefrontemitted from the fibre core appears as an axially collimated ring-like beam in the far-field (Fig. 4a) .The axial collimation results from the low diffraction facilitated by the smooth interfaces of the water plug, and the continuous translational symmetry of the laser cavity along the fibre axis. The penetration depth of the pump beam, combined with the circular cross section of the core, defines a cylinder from which laser light is emitted. (Note that the actual plug length, which is on the order of a cm, does not influence the laser emission). For the 1mM R590 waterplug used in our experiments, the penetration depth is ~100 µm. Therefore, the axial divergence angle, which is proportional to the ratio between the wavelength and the penetration depth, is expected to be ~10 mrad.
Thecylindrical symmetryof the emission stems from the isotropic fluorescence of the dye and its coupling to the fibrecavity modes. Below threshold, the measured isotropic and unpolarized spontaneous emission populates all the available fibre modes.
However, above threshold, a purely azimuthally polarized beam emerges from the PBG fibre cavity (Fig. 4b ) which indicates coupling to specific low-threshold fibre modes.
These modes are the high-Q TE 0n modes with an electric field polarization identical to what we measure in the radial laser emission.This isotropic emission is in contrast to the anisotropic emission observed fromdye-doped solid plugs. 20 In a low viscosity solvent such as water, fluorescence randomization occurs dueto the fast molecular reorientationof
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the dye, which happens on a picosecond scale 21 , much faster than the nanosecond scale of the fluorescence lifetime 22 . Thus fluorescence anisotropy is not expected, which is consistent with our experimental observations.
A 1mMRhodamine 590 (R590)-dopedwater plugis introduced into the fibre core and pumped by a linearly polarized Nd:YAG laser at 532 nm (see Methods section for details). A typical measurement depicting the dependence of output energy on input energy shows a clear threshold at 165 nJ (Fig. 4c) . The spacing between individual lasing peaks reveals an average separation of 1.78 nm for a fibre with an 80 µm core (Fig. 4d ).
Considering the free spectral range of the longitudinal modes in a Fabry-Perot resonator,
, where λ 0 is the central lasing wavelength, and n is the refractive index of the dye solution (n = 1.33), a cavity length d = 78 µm is calculated, which agrees well with the fibre core diameter andfurther confirms the radial nature of the emission.
So how can we use the intrinsic radial emission andazimuthal polarization state to achieve a useful effect? The problem of directing coherent light is recognized as an important one for a variety of applications. Current solutions could be classified into ones that utilize moving mechanical parts and ones that rely on non-mechanical mechanisms [23] [24] [25] [26] [27] [28] . While having advantages such as high angular precision, the non-mechanical solutions are nevertheless constrained to a narrow angular range. Here we demonstrate an approach that facilitates directional intensity control withinafull 2π radians.
Thus far the hollow microchannels ( Fig. 5a ) and is further substantiated by measuring the laser spectra as a function of driving voltage (Fig. 5b) . The measurements reveal a maximum extinction ratio of ~9
dB.
The precise control over the omnidirectional intensity distribution from the surface of a thin and flexible fibre presents a wide range ofintriguing opportunities.The ability to introduce a directionally emitting laser catheter into a blood vessel could enable spatial and angularly selective irradiation of diseased sections while sparing healthy tissue(see Supplementary Fig. S1 ) in conjunction with treatments such as photodynamic therapy 30 . A lab-in-a-fibre application would involve utilizing the fibre laser to interrogate fluids in the adjacent microchannels. Finally, theintegration of a modulator and light source in a single fibre represents an important step towards the realization of flexible and directional fabric displays (see Supplementary Fig. S2 ).
Methods:
Fibre fabrication.The multilayer film is fabricated by thermal evaporation of a 4 µm Laser spectra measured for laser light transmission though LC 2 as a function of V 2 .
